The aim of the study is to evaluate the use of the tumor border in peripheral non-small cell lung cancer (NSCLC) as an indicator of pleural invasion.
Introduction
Lung cancer is among common cancers and is the most common cause of cancer-related death worldwide. [1] Approximately 85% of lung cancers are non-small cell lung cancers (NSCLCs). [2] Surgical resection is the best curative treatment in patients with early stage (stages I and II) lung cancer. [3] Unfortunately, most NSCLC patients present with either locally advanced or metastatic disease, and only 25% to 30% of patients are eventually suitable for surgical resection with a curative intent. [3] For patients with T1-sized ( 3 cm) lung cancer, prognosis depends on whether pleural invasion has occurred, and on the depth of invasion. Five-year survival rates for patient with surgically resected NSCLC are 86% for patients without pleural invasion, 62% to 70% for patients with visceral pleural invasion, and 57% for patients with parietal pleural invasion. [4] Although computed tomography (CT) is widely used for staging lung cancer, its use for diagnosing pleural invasion by lung cancer is limited because contiguity of the tumor with the pleural surface is not necessarily equivalent to invasion. [5] Bony destruction with or without soft tissue mass extending into the chest wall is the only CT finding with a 100% positive predictive value (PPV) for detecting parietal pleura and chest wall invasion. [6] Proposed predictors of pleural invasion include the presence of blunt angles at the point of contact between the tumor and pleura, contact of >3 cm between the tumor and pleural surface, pleural thickening adjacent to the tumor, and increased density of extrapleural fat. [7] [8] [9] [10] However, these signs can also be misleading because they can result from inflammation and fibrosis rather than from tumor invasion. To the best of our knowledge, there is no previous study showing tumor border as an indicator of lung cancer invasion. We postulated 2 indicators of pleural invasion by a tumor: a concave border of a peripheral tumor contaminated by atelectasis or pneumonia and, contrarily, a convex border composed of a space occupying tumor. The purpose of this study was to evaluate the use of the tumor border in peripheral NSCLC as an indicator of pleural invasion.
Materials and methods

Patients
The protocol of this study received institutional review board approval, and the need for informed consent of patients was waived.
This study retrospectively reviewed all patients who had received surgical intervention for NSCLC between January 2012 and August 2015 at a single tertiary center. The inclusion criteria were an available pathology report describing the condition of the lung and assessing the degree of pleural invasion based on orcein staining; lobectomy and margin-free segmentectomy or wedge resection; preoperative CT images on a radiology picture archiving and communication system (PACS) (EBM, Taipei, Taiwan); and peripheral tumors abutting the pleural surface. Patients were excluded if preoperative images were unavailable on the radiology PACS or if the interval between CT imaging and subsequent surgery exceeded 3 months.
Pathologic analysis
Pathologic specimens were stained with hematoxylin-eosin and orcein to investigate the presence and extent of pleural tumor invasion. Four pathologists with a median of 9.5 years (6-26 years) of experience in pulmonary pathology independently staged the pleural invasion in each patient according to the seventh edition of the TNM staging system as follows: PL0, no pleural involvement; PL1, tumor invasion of the elastic layer of the visceral pleura but without reaching the visceral pleural surface; PL2, tumor invasion to the visceral pleural surface; PL3, tumor invasion of the parietal pleura or chest wall. [11] 
CT imaging
Pathological records and CT images were available for 334 patients who had received lobectomy, margin-free segmentectomy, or wedge resection. After excluding 198 patients whose tumors did not abut pleural surface on CT images, the final analysis included 136 patients. In 118 (86.8%) patients, CT examinations were performed at our hospital using 1 of the 4 CT systems: Siemens Medical Systems, Forscheim, Germany (46 patients); Toshiba Aquilion one TSX-301, Nasu, Japan (44 patients); Brilliance 64, Philips Medical Systems, Haifa, Israel (16 patients); and Optima CT 660, GE, Japan (12 patients). In the remaining 18 (13.2%) patients, CT examinations were performed at the other 9 hospitals. The CT parameters were as follows: detector collimation, 0.6 to 1.25 mm; beam pitch, 1.1 to 1.4; rotation time, 0.5 to 0.8 seconds; tube voltage, 120 kVp; tube current, 110 to 300 mA; and a reconstruction kernel with a highfrequency algorithm. Reconstruction thickness was contiguous 5 mm in axial, coronal, and sagittal sections. Additionally, the reconstruction thickness and interval for thin slices of axial section were 1.0 and 5.0 mm, respectively, in 65 (47.8%) patients; contiguous 2 mm in 44 (32.4%) patients, and 1.25 and 5.0 mm, respectively, in 12 (8.8%) patients. The other 18 (13.2%) patients did not undergo additional thin slice imaging. Each CT image extended from the lower neck to the adrenal gland level. Nonionic contrast medium (Ultravist 300; Schering, Berlin, Germany) at a dose of 2 mL/kg was used for CT examination in 84 (61.8%) patients. The remaining 52 (38.2%) patients did not receive intravenous contrast medium due to renal function impairment, history of asthma, history of allergy to iodine contrast agent, or other reasons. All images were displayed at window settings for lung (center, 600 HU; width, 1500 HU) and soft tissue (center, 40 HU; width, 400 HU).
Imaging evaluation on CT
A radiologist with 10 years of experience in thoracic radiology reviewed each medical record, measured the tumor size (maximum tumor diameter) and used the annotation function in the radiology PACS to mark targets for CT. This marking system enabled accurate tracking of targets on preoperative imaging. The radiologist also evaluated the presence of 3 CT signs of pleural invasion: blunt angle, pleural contact >3 cm, and adjacent pleural thickening. The blunt angle and pleural contact >3 cm were assessed by lung window imaging and pleural thickening was assessed by soft tissue window imaging. The conventional criteria were used to define chest wall invasion, that is, at least 2 of the aforementioned CT signs. [8, 9] The other 2 radiologists with 21 and 24 years of thoracic imaging experience, respectively, independently interpreted target lesions on CT at each examination. Both radiologists were aware that the patients had NSCLC but were blinded to the details of their pathologic reports. The tumor border was assessed on the single tumor image that provided the maximum pleural attachment on lung window imaging. The tumor borders were classified into the 5 types shown in Medicine a blunt angle of the tumor on pleura; type 2, sharp angle; type 3, concave border with a blunt angle; type 4, straight border with a perpendicular angle; and type 5, convex border with a perpendicular or blunt angle). In patients with more than 1 tumor border type, the tumor borders were prioritized in descending order of complexity (type 5, type 4, type 3, type 2, and type 1). For example, a patient who had both types 5 and 3 tumor borders was categorized as type 5. The tumor border types were also checked for consistency with the description of pleural invasion in the pathologic report.
Statistical analysis
The Cohen kappa, k, statistical analysis for categorical data, was performed to determine interobserver agreement. Kappa result was interpreted as follows: values 0 as indicating no agreement and 0.01 to 0.20 as none to slight, 0.21 to 0.40 as fair, 0.41 to 0.60 as moderate, 0.61 to 0.80 as substantial, and 0.81 to 1.00 as almost perfect agreement. The Kolmogorov-Smirnov test was used to evaluate whether or not the measurable variables were normally distributed. The x 2 test or Fisher exact test was used to examine the differences between tumor characteristics and pleural status of peripheral NSCLC. Diagnostic accuracy, sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and positive likelihood ratio (LR) were calculated separately according to the presence or absence of tumor characteristics. Positive LRs were interpreted as evidence supporting disease diagnosis: >10, strong evidence; 5 to 10, moderate evidence; <5, weak evidence. [12] Factors significantly associated with pleural invasion were also identified by binomial 
Results
One hundred thirty six patients (66 men and 70 women; mean age, 63.9 years ± 10.5; age range, 32-85 years) were enrolled in this study. Mean age did not significantly differ between men (64.8 years ± 11; range, 35-85) and women (63 years ± 10.1; range, 32-84) ( Table 1 ). The median number of days from diagnostic CT scan to surgery was 24 days (range: 2-86 days). Specimens were obtained by lobectomy in 97 patients, segmentectomy in 11 patients and wedge resection in 28 patients. Histologically, the NSCLCs were diagnosed as adenocarcinoma (n = 102; 75.0%), squamous cell carcinoma (n = 16; 11.8%), adenosquamous cell carcinoma (n = 6; 4.4%), large cell carcinoma (n = 4; 2.9%), pleomorphic carcinoma (n = 3; 2.2%), lymphoepithelioma-like carcinoma (n = 3; 2.2%) or mucoepidermoid carcinoma (n = 2; 1.5%). In 101(74.3%) patients, pleural invasion was confirmed by pathologic analysis (PL1-3), and 25 (25.7%) patients had no pleural invasion (PL0). Pleural invasion was classified as PL1 in 26 patients, PL2 in 60 patients, and PL3 in 13 patients (Table 1 ). In the 60 patients with PL2 invasion, 3 patients had peripheral adjacent lobe invasion.
Interobserver agreement on tumor border type was substantial agreement (k = 0.80). Interobserver differences (19 of 136 patients, 14.0%) included 3 patients of type 2, 5 patients of type 3, 4 patients of type 4, and 7 patients of type 5, which were resolved by consensus. The tumor border was type 1 in 6 (4.4%) patients, type 2 in 57 (41.9%) patients, type 3 in 10 (7.4%) patients, type 4 in 15 (11.0%) patients, and type 5 in 48 (35.3%) patients. The use of intravenous contrast medium significantly differed by tumor type (P < .001). Intravenous contrast medium was used in 1 of 6 patients with tumor border type 1, in 44 of 57 patients with tumor border type 2, in 8 of 10 patients with tumor border type 3, in 3 of 15 patients with tumor border type 4, and in 31 of 48 patients with tumor border type 5.
Binomial logistic modeling showed that pleural invasion was significantly associated with tumor borders types (P = .001) and with tumor size (P = .03). Tumor border types 2 and 5 significantly differed between patients with and without pleural invasion (P = .001 and P < .001, respectively) ( Table 2) . Patients with and without pleural invasion did not significantly differ in tumor border type 1, tumor border type 3, tumor border type 4, blunt angle, pleural contact >3 cm, or pleural thickening. Table 3 shows the sensitivity, specificity, PPV, NPV, accuracy and positive LR of tumor border types, blunt angle, pleural contact >3 cm, and pleural thickening associated with pleural invasion. Tumor border type 5 was considered moderate evidence of pleural invasion with the following results: positive LR, 5.20; accuracy, 57% (77 of 136); sensitivity, 45% (45 of 101); specificity, 91% (32 of 35); PPV, 94% (45 of 48); and NPV, 36% (32/88). Tumor border types 1 to 4, blunt angle, pleural contact >3 cm, and pleural thickening were associated with weak NSCLC = non-small cell lung cancer, PL0 = no pleural involvement, PL1 = tumor invasion of the elastic layer of the visceral pleura but without reaching the visceral pleural surface, PL2 = tumor invasion to the visceral pleural surface, PL3 = tumor invasion of the parietal pleura or chest wall. * Data are ± standard deviation. Note: Except where otherwise mentioned, data are numbers of tumors. Data in parentheses are ranges. NSCLC = non-small cell lung cancer, PL0 = no pleural involvement, PL1 = tumor invasion of the elastic layer of the visceral pleura but without reaching the visceral pleural surface, PL2 = tumor invasion to the visceral pleural surface, PL3 = tumor invasion of the parietal pleura or chest wall.
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evidence of pleural invasion. Patients with visceral pleural invasion (PL1-2) and patients with parietal pleural invasion (PL3) significantly differed in tumor border type 5 (P = .002), blunt angle (P = .02), pleural contact >3 cm (P < .001), pleural thickening (P = .03), and conventional criteria for chest wall invasion (P < .001) ( Tumor size was non-normally distributed (P < .001). The median tumor size was 3 cm (IQR, 2 cm; range, 1-8 cm). Tumor size was significantly larger in the presence of pleural invasion (median, 3 cm; IQR, 2 cm; range, 1-8 cm) than in the absence of pleural invasion (median, 2; IQR, 1 cm; range 1-4 cm) (P < .001). Age, gender, and tumor histology did not significantly differ between patients with and without pleural invasion by peripheral NSCLC (Table 2 ).
Discussion
This study showed that tumor border type 5 on CT was a moderate diagnostic indicator of pleural invasion by peripheral NSCLC with 94% PPV and 91% specificity. Several studies have investigated the use of CT imaging for diagnosing pleural invasion by lung cancer. Glazer et al [8] stated that blunt angle, pleural contact >3 cm, and pleural thickening were good predictors of pleural invasion on 10-mm thickness CT imaging. In contrast, Ebara et al [7] reported that blunt angle and pleural thickening were not significantly associated with pleural invasion on 1-mm thickness CT imaging. Tanaka et al [13] found that blunt angle was associated with pleural invasion and pleural thickening but was not significantly associated with pleural invasion on 1-to 3-mm thickness CT imaging. Blunt angle and pleural thickening were not significantly associated with pleural invasion in our study, which is consistent with Ebara et al. [7] A possible explanation for these discordant results is differences in patient characteristics and CT parameters. The length of contact with pleura was significantly greater in tumors with pleural invasion than in those without pleural invasion. [7, 13] Our study found that pleural contact >3 cm was not significantly associated with pleural invasion. A possible explanation for the discrepant results is that some of our cases might have been contaminated with pneumonia or atelectasis. Tumor size was significantly larger in the presence of pleural invasion than in the absence of pleural invasion, which is consistent with the literature. [7, 13] Tumor border type 5 had none to slight agreement with blunt angle, pleural contact >3 cm, and pleural thickening. Therefore, tumor border type 5 could be a distinctive indicator of pleural invasion by peripheral NSCLC. To the best of our knowledge, this study is the first to report this association.
For predicting chest wall invasion in cases where the tumor is adjacent to the chest wall without bone destruction or without a mass involving the chest wall, CT has a limited accuracy (sensitivity, 38-90%; specificity, 40-96%). [7, 14] Signs of chest wall invasion (PL3) observed in CT images include blunt angle, pleural contact >3 cm, and adjacent pleural thickening. [7] [8] [9] [10] Previous reports show that the conventional criteria used to predict chest wall invasion had accuracy of 68% to 83.3%; sensitivity of 67% to 87%; specificity of 43.9% to 91.3%; PPV of 20.7% to 53.8%; and NPV of 81.8% to 96%. [7] [8] [9] 15] In the present study, the conventional criteria used to differentiate between parietal pleural invasion (PL3) and visceral pleural invasion (PL1, 2) had positive LR, 4.78; accuracy, 82%; sensitivity, 92%; and specificity, 80%, which is consistent to Imai et al [9] Tumor border type 5, blunt angle, pleural contact >3 cm, and pleural thickening significantly differed between patients Table 4 Tumor characteristics associated with visceral and parietal pleural invasion. Visceral pleural invasion (PL1 and PL2); parietal pleural invasion (PL3). LR+ = positive likelihood ratio, NPV = negative predictive value, PPV = positive predictive values. with parietal pleural invasion and patients with visceral pleural invasion. However, tumor border type 5, blunt angle, pleural contact >3 cm, and pleural thickening were associated with weak evidence to differentiate parietal pleural invasion from visceral pleura. Imai et al [9] reported that the ratio of tumor-pleura contact to tumor diameter accurately predicted thoracic wall invasion (sensitivity and specificity, 89.7% and 96.0%, respectively). Ebara et al [7] further reported that the ratio of the tumorpleura interfacial area to tumor size could differentiate between parietal and visceral pleural invasion with 77% accuracy. Tanaka et al [13] used SUV max 4.3 on 18 F-FDG PET/CT as the cutoff value for predicting visceral pleural invasion with 85% accuracy. Other suggested methods for differentiating between parietal and visceral pleural invasion include, respiratory dynamic MR imaging, ultrasonography, and CT combined with artificial pneumothorax. [9, 16, 17] However, respiratory dynamic MR imaging cannot consistently distinguish between tumor invasion and nonmalignant adhesion. The accuracy of intraoperative ultrasonography is highly dependent on the skill and experience of the operator. Using CT combined with artificial pneumothorax introduces complications. [9] Tumor border type 5, blunt angle, pleural contact >3 cm, and pleural thickening cannot be used to differentiate PL1 and PL2. Visceral pleural invasion is an important stage-defining feature of NSCLC in the absence of lymph node involvement. In patients with lymph node-negative NSCLC, visceral pleural invasion indicates either stage IB or IIA, depending on tumor size. Ebara et al [7] reported that a skirtlike 3-dimensional pleural pattern predicts pleural invasion of peripheral NSCLC with 77% accuracy. Our previous study [18] further reported that a pleural tag with a soft tissue component at the pleural end on a mediastinal window images predicts visceral pleural invasion of non-abutting NSCLC with 71% accuracy. [18] Whether visceral pleural invasion is an adverse prognostic indicator in stage I NSCLC patients remains controversial, especially in patients with a small tumor size. Huang et al [19] found that visceral pleural invasion was associated with poor overall survival and a high risk of recurrence in stage I patients. However, some studies suggest that visceral pleural invasion does not affect prognosis in tumors <3 cm. [20] When the primary tumor is >3 cm, visceral pleural invasion may indicate the need for adjuvant chemotherapy in patients with stage IIA NSCLC and selected patients with stage IB NSCLC. [21, 22] The prognostic value of differentiating between PL1 and PL2 is still controversial. Hung et al [23] reported that PL2 is a significant negative prognostic indicator of recurrence and overall survival in node-negative NSCLC with visceral pleural invasion. Adachi et al [24] reported that survival rates did not significantly differ between patients with PL1 and PL2 disease, regardless of lymph node status.
Some limitations of our study should be noted. First, this retrospective study analyzed a relatively small sample of patients treated at a single tertiary institution. Patient selection bias was inevitable. Second, 4 pathologists independently staged pleural invasion. Interobserver bias was inevitable. Third, different slice thickness may have affected the evaluations of tumor characteristics. Fourth, tumor border types were prioritized in patients with more than 1 lesion type. For example, co-present type 3 and type 5 lesions were simply classified as type 5 lesions. Prioritizing the lesions may have biased our results. Fifth, different proportions of various tumor border types were assessed without intravenous contrast medium in this study. The non-contrast enhanced imaging might have biased the evaluation of tumor characteristics. Sixth, the overall accuracy of 0.57 and a sensitivity of 0.45 might limit the use of tumor border type 5. However, tumor border type 5 had sufficiently high PPV and high specificity for use in clinical diagnosis. Finally, Yang et al [25] reported that survival is similar in patients with peripheral adjacent lobe invasion NSCLC and those with parietal pleural invasion (PL3) disease. However, this study classified peripheral adjacent lobe invasion as PL2, which potentially biased the differentiation between PL2 and PL3 based on tumor border. Further prospective multi-institutional studies are needed to validate the value of tumor border types for diagnosing pleural invasion by peripheral NSCLC.
In conclusion, a tumor border type 5 has sufficiently high PPV and high specificity for use as an indicator of pleural invasion by peripheral NSCLC.
